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RESEARCH  ON  MATERIALS  AND  COMPONENTS  FOR 
OPTO-ELECTRONIC  SIGNAL  PROCESSING  AND  COMPUTING 


1.  Introduction 


This  project  is  a  continuation  of  the  project  (AFOSR  84-0389)  under  the  same  title 
"Research  on  Materials  and  Components  for  Opto-Electronic  Signal  Processing  and 
Computing."  for  the  period  Oct.  1st,  1984  to  Nov.  30th,  198SL,  A  final  report  for  that  contract 
had  already  been  submitted  to  APOSiL.  -Thereferermucb  of  the  information  and  data  already 
presented  in  that  report  will  not  be  repeated  here. 

^Recognizing  both  the  importance  of  spatial  light  modulators  (SLM)  to  opto-electronic 
computing  and  signal  processing  and  the  unique  material  properties  of  multiple  quantum  well 
(MQW)  structures,  we  have  focused  our  investigation  on  the  electro-optical  properties  and  the 
growth  of  EvGa^As/GaAs  strained  layer  material  by  the  molecular  beam  epitaxy  (MBE) 
method  for  the  SLM’s.  ►The  potential  advantages  of  the  InxGai_xAs/GaAs  SLM  are:  (1)  MQW 
modulators  may  be  switched  with  low  energy  and  operated  at  high  speed.  (2)  Many  electronic 
devices,  especially  the  GaAs  MESFET,  have  already  been  developed  on  GaAs.  The  quality  of 
GaAs  substrates  is  also  much  higher  than  that  of  InP.  Thus  SLM  based  on  GaAs  substrates  offer 
potential  advantages  in  integrating  electronic  and  optical  devices  for  the  development  of  smart 
SLM.  (3)  We  have  demonstrated  through  this  program  that  thick  InxGaj_xAs/GaAs  MQW 
structure  for  modulators  can  now  be  grown  with  0  <  x  <  0.25  (or  higher).  The  thicknesses  of 
such  structures  can  exceed  substantially  the  critical  layer  thickness  limitations  of  pseudomorphic 
structures.  The  variations  in  the  composition  and  well  width  in  such  structures  allows  us  to 
tailor  the  material  property  for  SLM  device  optimization,  such  as  tuning  the  operating 
wavelength  over  a  wide  infra-red  range,  maximizing  the  signal  to  noise  ratio,  increasing  the  RC 
limited  bandwidth  or  minimizing  switching  voltage.  (4)  Many  lasers  now  operate  in  the 
wavelength  range  of  0.9  to  1.1  /xm,  including  the  InxGai_xAs  strained  layer  QW  diode  lasers, 
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the  tunable  Ti-sapphire  lasers  and  the  high  power  Nd/YAG  lasers  at  the  1.06  /an.  The 
combination  of  the  high  power  lasers  and  SLM  constitutes  an  important  advantage  in  many 
applications.  (5)  The  GaAs  substrate  is  transparent  at  wavelengths  near  the  exciton  absorption 
peak,  thereby  providing  a  rugged  physical  bases  for  the  fabrication  of  complex  components. 

The  research  topics  that  we  have  investigated  during  this  contract  period  are  directed 
toward  addressing  the  issues  of  (a)  how  to  extend  the  total  thickness  and  the  operating 
wavelength  range  of  InxGai_xAs/GaAs  MQW  structure0'2'^  and  (b)  how  to  optimize  the 
structural  d  sign  for  SLM’s.  Specifically  we  will  discuss  three  topics  in  the  following  sections. 
(1)  Growth  of  a  large  period  of  InxGai_xAs/GaAs  QW’s  with  a  large  InAs  mole  fraction  by 
using  the  superlattice  and  the  bulk  alloy  buffer  (InyGai_yAs  or  InyAli_yAs)  interposed  between 
the  MQW’s  and  the  substrate.  (2)  The  optimization  of  signal  to  noise  ratio  in  a  SLM.  (3)  The 
electro-optical  properties  of  InxGai_xAs  superlattices.  A  much  more  comprehensive  discussion 
of  the  materials  and  the  electro-optical  properties  of  the  strained  layer  InxGai_xAs/GaAs 
structure  for  SLM  applications  is  under  preparation  as  S.  Niki’s  Ph.D.  Thesis.  However,  it  will 
not  be  completed  in  time  to  be  submitted  together  with  this  report,  as  required  by  the  contract.  It 
will  be  sent  to  AFOSR  as  a  supplementary  technical  report  sometime  this  winter. 

2.  The  Growth  and  the  Electro-Optical  Properties  of  Highly-Strained  InxGai_xAs/GaAs 
QW  structure 

We  have  grown  strained-layer  InxGai_xAs/GaAs  MQW  structures  '  ith  indium 
compositions  of  0.15  S  x  £  0.28  on  GaAs  by  molecular  beam  epitaxy  (MBE),  and  investigated 
the  properties  of  such  QW  structures  with  emphasis  on  their  material  characteristics  intended  for 
surface-normal  electroabsorption  (EA)  modulator  applications.  1  he  interposition  of  an 
appropriate  buffer  layer  between  the  GaAs  substrate  and  QW  structure  has  made  possible  the 
growth  of  elastically-deformed  InxGaj_xAs/GaAs  MQWs  with  the  total  thickness  of  the 
epitaxial  layers  well  beyond  the  pseudomorphic  limit.  Optical  investigations  of  such  QW 
structures  showed  distinct  exciton  peaks  and  clear  quantum  confined  Stark  effect  (QCSE), 
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indicating  good  crystalline  quality  suitable  for  these  device  applications.  The  exciton  line  can  be 
tuned,  up  to  the  wavelength  of  1.09  /tm,  by  increasing  the  indium  composition  of  the  ternary 
alloy. 

Three  different  types  of  samples  have  been  grown  by  MBE  on  (100)  oriented  GaAs 
substrates  at  substrate  temperatures  between  500°C  and  530°C.  The  details  of  growth 
parameters  are  listed  in  Table  1.  Type  one  has  no  strained-layer  buffer,  and  type  2  has  a 
superlattice  buffer.  A  superlattice  buffer  which  consists  of  125  periods  of  InxGaj_xAs 
(25A)/GaAs(25A)  with  the  same  indium  concentration  as  in  the  InxGai_xAs  layers  of  the  QW’s 
was  used  for  sample  3  and  4.  In  the  type  3  sample,  an  Ino.13Gao.87 As  ternary  alloy  buffer 
(d~500nm)  and  a  50-period  Ino.25Gao.75As(50A)/GaAs(50A)  superlattice  buffer  were 
interposed  between  the  GaAs  substrate  and  QWs  for  sample  6.  The  ternary  compositions  and 
thicknesses  of  the  epitaxial  layers  were  determined  by  RHEED  (reflection  high  energy  electron 
diffraction),  and  calibrated  by  cross-sectional  transmission  electron  microscopy  (TEM). 


Type  1 

Type  1 

Type  2 

Type  2 

Type  1 

Type  3 

Sample  number 

1(473) 

2(474) 

3(476) 

4(514) 

5(686) 

6(1328) 

In  Composition 

0.15 

0.19 

0.15 

0.22 

0.15 

0.25 

Periods  of  QWs 

80 

80 

50 

50 

50 

30 

Well  Width  (A) 

120 

120 

120 

120 

100 

100 

Barrier  Width  (A) 

120 

120 

120 

120 

100 

100 

Buffer  Layer 

None 

None 

SL 

SL 

None 

AUoy+SL 

Linewidth 

FWHM  (meV) 

14.0 

23.6 

11.4 

16.4 

13.4 

18.0 

Wavelength  of 
Exciton  Peak  (/itn) 

0.993 

1.021 

0.985 

1.035 

0.962 

1.058 

Table  1.  Comparison  of  growth  parameters  and  optical  characteristics  of 
strained-layer  InxGai_xAs/GaAs  multiple  quantum  well  structures 
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p-i-n  diodes  with  a  ring-shaped  electrode  300  fim  inner  diameter  and  500  /J.  m  outer 
diameter  were  fabricated  on  such  samples  using  standard  photolithographic  processes.  Zn-Au 
metal  contact  was  used  for  p-type  substrates  and  Ge-Au  contact  for  n-type  substrates.  Au/Cr 
contact  was  used  for  the  cap  layers.  Each  device  was  mesa  etched  to  the  substrate  with  a 
solution,  H3PO4 :  H2O2  •  ^0=8 : 1 : 1  for  electrical  isolation.  I-V  traces  of  such  diodes  showed 
small  leakage  currents,  less  than  1/i  A,  under  the  electric  field  of  up  to  F  -  70-90kV/cm. 

Optical  properties  of  such  QW  structures  were  investigated  by  means  of  both  absorption 
and  EA  spectroscopy  at  room  temperature  with  the  input  light  normal  to  the  substrate.  The 
reflection  from  the  surfaces  and  residual  absorption  in  the  substrate  were  subtracted  from  the  raw 
signal  by  using  a  reference  substrate.  The  linewidth  and  wavelength  of  these  exciton  peaks  are 
shown  in  Table  1. 

EA  characteristics  of  the  samples  were  measured  by  applying  a  DC  reverse  bias  to  a  p-i-n 
diode  fabricated  from  such  structures.  EA  spectra  obtained  from  sample  6  are  shown  in  Fig.  1  as 
an  example.  The  linewidths  of  the  exciton  peaks  as  a  function  of  electric  field  are  shown  in  Fig. 
2.  A  severe  linewidth  broadening  was  observed  with  increasing  of  electric  field  for  sample  2, 
but  not  for  the  other  specimens.  We  believe  this  broadening  is  due  to  the  enhanced  scattering 
and/or  greater  tunneling  probability  with  or  via  deep  traps  generated  by  dislocation  loops. 

A  distinct  exciton  peak  with  a  linewidth  of  14meV,  which  is  comparable  to  those  obtained 
from  pseudomorphically  grown  QWs(4),  was  observed  from  sample  1.  The  linewidth  of  sample  2 
is  distinctly  larger  than  those  of  the  other  specimens.  The  smallest  linewidth  of  11.4  meV  was 
obtained  from  sample  3.  A  small  linewidth  is  observed  from  sample  4  despite  the  larger  lattice- 
mismatch.  This  suggests  that  a  superlattice  buffer  may  play  an  important  role  in  the  growth  of 
strained  InxGai_xAs/GaAs  QWs.  We  have  tried  to  grow  the  QWs  categorized  in  type  1  or  2 
using  x  >  0.25.  However,  no  exciton  peak  has  been  observed.  In  order  to  extend  the  exciton 
peak  to  longer  wavelengths,  a  bulk  alloy  buffer  was  employed  and  interposed  between  the  QW 
and  the  GaAs  substrate.  The  InAs  mole  fraction  of  the  alloy  buffer  is  near  the  average  InAs 
mole  fraction  of  the  InxGaAs/GaAs  MQWs,  provided  that  the  strain  is  well-balanced  in  the 
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InxGai_xAs  and  GaAs  layer  (compressive  strain  in  the  InxGai_xAs  layer  and  tensile  strain  in  the 
GaAs  layer).  Sharp  exciton  peak  and  electroabsorption  effect  have  been  measured  in  sample  6 
as  shown  in  Fig.  1.  The  QW  structures  with  x  =  0.28  in  type  3  showed  sharp  exciton  peaks  at 
A  =  1.08-1.09 /xm. 

The  cross-sectional  images  of  the  samples  were  obtained  by  means  of  TEM.  It  was  found 
that  misfit  dislocations  are  created  within  the  first  few  QW  periods  and  no  propagating 
dislocations  are  found  in  the  remaining  active  QW  layers  of  sample  1.  However,  TEM  pictures 
of  sample  2  showed  dislocations  propagating  throughout  the  QW  layers,  showing  a  poor 
crystalline  quality.  This  result  is  consistent  with  that  obtained  from  the  optical  characterization. 
The  strained-layer  buffers  have  successfully  confined  misfit  dislocations  at  the  superlattice/GaAs 
interface  for  sample  3  and  4  and  the  ternary  alloy/GaAs  interface  for  sample  6.  Therefore,  most 
of  the  QW  layers  are  elastically  deformed. 

Double  crystal  X-ray  diffraction  was  used  for  investigating  the  strain  relief  in  these  MQW 
structures.  X-ray  rocking  curves  obtained  from  those  samples  show  several  distinct  satellite 
peaks,  indicating  well-ordered  periodic  structures.  Preliminary  analyses  indicate  large  lattice 
relaxation  in  the  epitaxial  layers,  provided  that  each  QW  layer  shares  the  strain;  compressive 
strain  in  the  InxGai_xAs  layers  and  tensile  strain  in  the  GaAs  layers. 

In  summary  we  have  successfully  grown  InxGai_xAs/GaAs  (0.15  x  <  0.28)  MQWs  with 
the  total  thickness  of  the  strained  layer  well  above  the  critical  layer  thickness  limit  defined  for 
pseudomorphically  grown  InGaAs  on  GaAs.  Material  investigations  of  such  QW  structures 
suggest  potential  applications  for  surface- normal  EA  modulators  in  the  0.9-1. 1  jum  wavelength 
range.  In  S.  Niki’s  Ph.D  Thesis  we  will  discuss  how  to  specify  the  composition  x  and  the  well 
thickness  Lz  so  that  the  SLM  will  operate  at  a  given  wavelength. 


-7- 


3.  Optimization  of  Strained-Layer  MQW  Structures  for  Electro-Absorption  SLM 

The  investigation  of  material  properties  of  InGaAs/GaAs  strained-layer  MQW  structures 
discussed  in  Section  2  made  possible  the  growth  of  large  number  of  QWs  above  the 
pseudomorphic  thickness  limit  for  a  given  In  concentration.  The  exciton  absorption  peak  is 
shifted  in  energy  and  reduced  in  strength  when  an  electric  field  is  applied,  called  the  quantum 
confined  Stark  effect  (QCSE).  Two  kinds  of  electro-absorption  (EA),  positive  and  negative  EA 
can  be  used  to  make  a  modulator.  When  the  wavelength  of  the  input  light  is  slightly  longer  than 
(or  equal  to)  that  of  the  exciton  peak,  the  absorption  coefficient  is  increased  (decreased)  with  the 
increase  of  electric  field,  and  it  is  called  a  positive  (negative)  EA.  Both  the  negative  and  the 
positive  EA  have  been  used  for  SLM’s. 

Several  methods,  such  as  the  use  of  Fabry-Perot  resonator,  have  been  discussed  in  the 
literature  in  order  to  obtain  large  contrast  ratio  in  GaAlAs/GaAs  MQW  SLM(5,6).  However  for 
SLM  with  a  large  residual  absorption,  the  dynamic  range  of  a  modulator  is  determined  by  the 
signal  to  noise  ratio.  The  optical  signal  is  IoAT  (or  IoAR)  where  Io  is  the  input  light  intensity  and 
AT(or  AR)  is  the  change  in  transmittance  (or  reflectance)  of  the  modulator.  Therefore  we  have 
investigated  how  to  optimize  AT  (orAR),  i.e.  the  dynamic  range.  In  terms  of  the  residual 
absorption  per  well  (i.e.  ao),  the  change  in  absorption  per  well  due  to  QCSE  (i.e.  A a)  and  the 
number  of  QW  (i.e.  n),  AT  is  given  by 

AT  =  AIt/I0  =  exp  (-a0 •  n)  [1  -  exp  (-Aa  •  n)]  (1) 

The  change  in  reflection  (AR)  is  given  by 

AR  =  R  exp  (-2a  o  *  n)  [1  —  exp  (-2Aa  •  n)]  (2) 

where  R  is  the  reflection  coefficient  of  the  back  surface.  In  comparison,  the  contrast  ratio  is 
given  by  Tn^/T,^  or  Rmax/Rmin  which  is  dependent  only  on  exp  (-  Aa  •  n)  or  exp  (-2Aa  •  n). 
Clearly  that  the  optimization  of  contrast  ratio  and  the  optimization  of  the  signal  to  noise  ratio  is 
not  identical  to  each  other. 
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Theoretically  we  can  obtain  an  optimum  n  that  will  yield  maximum  AT  (or  maximum  AR). 
Any  further  increase  in  n  will  enhance  the  contrast  ratio,  but  it  will  reduce  the  signal  to  noise 
ratio.  At  the  optimum  n,  the  ATmax  (or  ARmw)  is  dependent  only  on  the  ratio  of  Aa/a0.  Any 
further  enhancement  of  the  signal  to  noise  ratio  can  only  be  obtained  by  improving  the  Aa/a0  of 
the  material. 

Calculated  AT  and  AR  as  a  function  of  the  period  of  QWs  are  shown  in  Fig.  3(a)  for 
negative  EA  and  Fig.  3(b)  for  positive  EA.  The  solid  curve  indicates  the  calculated  AT,  and  the 
dotted  curves  represent  the  calculated  AR  for  reflection  mode  devices  using  reflectors,  assuming 
R  =  0.65  and  R  =  1.  For  these  curves,  we  have  used  the  Aa  and  ccq  obtained  from  sample  5  at 
the  wavelength  of  0.961  fit n  and  0.972  fj. m  for  negative  and  positive  EA,  respectively,  under  the 
electric  field,  5.45X104  V/cm.  At  this  wavelength  and  electric  field,  AT  is  about  maximum  for 
sample  5.  This  result  suggest  that  reflection  type  modulators,  in  which  the  optical  path  length  is 
doubled,  do  not  lead  to  (AIr/Io)max  >  (AIt/Io)m„.  However,  they  can  provide  a  smaller  driving 
voltage  for  a  given  (AIr/Io)  if  the  reflection  is  large.  Therefore,  from  the  point  of  view  of 
maximizing  the  dynamic  range,  there  is  no  special  advantage  in  using  a  reflection  type 
modulator. 

The  scatter  points  show  the  experimentally  measured  maximum  AT  and  AR  of  various 
modulators,  including  the  results  obtained  from  AlGaAs/GaAs  MQWs*7'8’^.  However,  they  are 
not  normalized  in  terms  of  the  electric  field  and  operating  wavelength.  The  effect  of  well  width 
on  EA  characteristics  is  also  shown  in  Fig.  3(a)  and  (b).  Each  data  point  designated  as  numbers 
1-3  is  taken  from  Jelley  et  al.(8)  and  as  A-F  taken  from  Whitehead  et  al.(9)  corresponds  to  a 
different  well  width,  sample  1,  3,  and  5  show  comparable  or  even  larger  negative  EA  than 
AlGaAs/GaAs  QWs.  On  the  contrary,  Fig.  3(b)  shows  that  much  larger  AT  is  obtained  from 
AlGaAs/GaAs  QWs  for  positive  EA.  It  is  also  clear  that  thinner  QWs  provide  larger  AT  for 
positive  EA. 

The  data  obtained  by  Bailey  et  al.^  indicates  that  a  larger  AIr/Io  is  obtained  from  a 
transmission  type  modulator  than  AIt/Io  of  a  reflection  type  with  same  number  of  QWs  for  both 
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positive  and  negative  EA.  This  occurs  despite  the  maximum  contrast  ratio  of  the  reflection  type 
modulator  is  much  higher  than  that  of  transmission  type;  for  example,  26.1:1  (reflection  type) 
and  4.4:1  (transmission  type)  for  positive  EA.  As  we  mentioned  earlier  the  dynamic  range  of  a 
modulator  can  not  be  optimized  by  maximizing  the  contrast  ratio. 

The  preceding  results  indicate  that  reasonably  large  EA  has  already  been  obtained  from 
strained-layer  InxGai_xAs/GaAs  MQW  modulators.  The  dynamic  range  is  more  effectively 
enhanced  by  increasing  the  input  optical  power  and  by  reducing  the  receiver  noise  power.  In  the 
case  of  modulators  used  in  analogue  systems,  the  linearity  of  the  modulator  may  be  a  more 
important  consideration  than  the  maximum  AT  and  AR.  However,  AT  or  AR  should  still  be 
maximized  at  a  given  voltage.  A  more  detailed  discussion  on  the  optimization  of  the  design  will 
be  presented  in  S.  Niki’s  Thesis. 

QW  modulators  may  be  improved  by  optimizing  the  intrinsic  characteristics  of  QCSE  by 
changing  the  width  and  depth  of  the  potential  wells.  Because  the  exciton  peak  is  shifted  in 
energy  and  reduced  in  strength  with  increasing  electric  field  (F),  AT  and  AR  at  a  given  voltage 
will  be  maximized  by  optimizing  three  parameters,  the  linewidth  (AT),  the  energy  shift  of  the 
exciton  peak  (AE),  and  the  change  in  oscillator  strength  (Af/fo).  AT  and  AR  are  very  sensitive  to 
AT.  Practically  speaking,  it  is  very  difficult  to  control  Ar  because  it  is  strongly  dependent  on  the 
material  quality.  Therefore,  it  should  be  kept  as  small  as  possible.  The  continuous  absorption 
plateau  and  excitonic  absorption  peak  which  usually  overlap,  make  it  difficult  to  reduce  the 
residual  absorption  for  negative  EA  in  practice.  On  the  other  hand,  AT  or  AR  can  be  improved 
for  positive  EA  by  optimizing  AE  and  Af/fo,  both  of  which  are  functions  of  and  the  depth  of 
the  potential  wells  (AEC,  AEy. 

Fabry-Perot  etalon  may  produce  an  improvement  i,'  AT  and  AR.  However,  the 
complication  attendant  on  the  use  of  mirrors  and  the  requirement  for  tight  control  of  tolerances 
of  the  etalon  must  be  weighted  in  balance  against  the  potential  advantages  of  such  devices. 
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4.  Electroabsorption  Properties  of  Strained-Layer  InxGa1_xAs/GaAs  Superlattices 

We  have  investigated  the  ekctroabsorption  (EA)  effects  of  strained-layer 
InxGai_xAs/GaAs  superlattices  (SLs)  because  of  the  following  reasons.  First  high  quality 
strained-layer  InxGai_xAs/GaAs  multiple  quantum  wells  (MQWs)  have  been  giown  on  GaAs  by 
interposing  an  InxGai_xAs/GaAs  SL  between  the  GaAs  and  the  MQW  regional  Second,  novel 
EA  effects  which  provide  large  absorption  change  have  been  reported  recently  in  the  SL 
structures  using  the  Wannier-Stark  localization  effect10'11*,  and  such  SL  structures  have  ’  een 
utilized  for  surface-normal  EA  modulator  applications02*. 

All  the  specimens  have  been  grown  by  molecular  beam  epitaxy  on  (lOO)-oriented  GaAs 
substrates  at  Ts  =  500-530°C.  P-i-n  diodes  with  a  ring-shaped  electrode  300  /im  inner  diameter 
and  500  fim  outer  diameter  were  fabricated  on  such  SL  structures.  Sample  1  consists  of  a  125- 
period  Ino_i9Gao.8iAs(25^)/GaAs(25A)  layer  grown  on  a  GaAs  buffer.  Sample  2  consists  of  a 
50-period  In0.25 Gao75 As(5oX)/GaAs(5oX)  layers  grown  on  a  0.5  /im- thick  Iiiq  13Gao.87As 
buffer  layer.  Cross-sectional  images  of  similar  structures  showed  that  the  misfit  dislocations  are 
confined  at  the  GaA s/strained-layer  interface,  thereby  most  of  the  active  region  is  dislocation 
free0’13*. 

Wannier-Stark  localization  effect  has  not  been  observed  in  strained-layer 
InxGaj_xAs/GaAs  system.  It  may  be  due  to  smaller  band  offsets  and/or  interface  roughness 
associated  with  the  strained-layer  growth.  We  have  increased  the  InAs  mole  fraction  of  the 
ternary  layers  up  to  x  =  0.25  in  order  to  reduce  the  width  of  the  minibands. 

EA  spectra  obtained  from  sample  1  and  2  are  shown  in  Figs.  4  and  5,  respectively.  Fig.  5 
shows  a  blue  shift  of  the  absorption  edge  under  the  electric  field,  2.2X104  <  F  <  4.4x10*  (V/cm), 
which  is  in  accord  with  a  simple  Kroning-Penney  calculation  (A^  =  28  meV),  suggesting  a 
decoupling  of  ground-state  electron  nnniband.  On  the  other  hand,  EA  in  sample  1  is  considered 
to  be  similar  to  that  of  the  bulk  material  and  is  attributed  to  photon-assisted  tunneling  between 
the  ground-state  electron  and  heavy-hole  minibands. 
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We  have  shown  that  the  EA  of  the  InxGaj_xAs/GaAs  SLs  could  vary  from  that  similar  to 
bulk  material  to  that  exhibiting  a  blue  shift,  depending  on  the  structure.  Further  optimization 
may  provide  various  device  applications  in  this  spectrum  range. 
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Figure  1. 

Electroabsorption  spectra  obtained  from  sample  6.  (l)-(5)  correspond 
electric  fields  of  0,  2.2, 4.4, 6.7,  and  8.8  (xlO4  V/cm). 
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Figure  2. 

Linewidth  of  exciton  peaks  as  a  function  of  electric  field.  Q  sample  1, 
o:  sample  2,  A:  sample  3,  ■:  sample  4,  •:  sample  5,  A:  sample  6. 
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Figure  3. 

(a)  AT  and  AR  for  negative  electroabsorption  (b)  AT  and  AR  for  positive  electroabsorption; 
solid  curves  represent  the  calculated  AT,  and  dotted  curves  indicate  the  calculated  AR. 

+  1-3  correspond  to  well  widths  of  L*  =  147  A,  87  A,  and  47  A  respectively.  AT  and  AR 
indicate  transmission  and  reflection  type.  •  A-F  correspond  to  Lz  =  260  A 
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Figure  4. 

Electroabsorption  spectra  obtained  from  sample  1 . 
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Figure  5. 

Electroabsorption  spectra  obtained  from  sample  2. 

(l)-(5)  correspond  to  electric  fields  of  F=0,  2.2, 4.4, 6.7  and  8.9X104  (V/cm). 


